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On the basis of a previously proposed mechanism of neutrino–antineutrino mass splitting in the Standard 
Model, which is Lorentz and SU(2) × U (1) invariant but non-local to evade the CPT theorem, we discuss 
the possible implications of neutrino–antineutrino mass splitting on neutrino physics and baryogenesis. 
It is shown that non-locality within a distance scale of the Planck length, that may not be fatal to 
unitarity in a generic effective theory, can generate the neutrino–antineutrino mass splitting of the 
order of the observed neutrino mass differences, which is tested in oscillation experiments, and a non-
negligible baryon asymmetry depending on the estimate of sphaleron dynamics. The one-loop order 
induced electron–positron mass splitting in the Standard Model is shown to be ﬁnite and estimated at 
∼10−20 eV, well below the experimental bound <10−2 eV. The induced CPT violation in the K -meson in 
the Standard Model is expected to be even smaller and well below the experimental bound |mK −mK¯ | <
0.44 × 10−18 GeV.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The baryogenesis on the basis of CPT violating proton–anti-
proton mass splitting [1] and neutrino–antineutrino mass split-
ting [2] has been discussed some time ago. The possible neutrino–
antineutrino mass splitting has also been discussed in connection 
with the phenomenology of neutrino oscillation [3,4]. On the other 
hand, an experimental study [5] states that “we have detected no 
evidence for Lorentz invariance violation in the antineutrino data 
set.” It has been recently shown that the neutrino–antineutrino 
mass splitting can be realized in the Standard Model by pre-
serving both the Lorentz invariance and the SU(2) × U (1) gauge 
symmetry [6]. This model is based on a Lorentz invariant CPT
violation mechanism which also breaks C and CP but preserves 
T [7]. The basic ingredient to evade the CPT theorem [8] in this 
scheme is that the theory is assumed to be non-local [9,10], al-
though the original scheme of CPT violation with T violation but 
preserving C and CP does not generate particle–antiparticle mass 
splitting [9]. It was emphasized in [10] that the Lorentz invari-
ant CPT breaking scheme, which we adopt in the present study, 
is a very natural logical possibility. In this paper, we perform a 
detailed evaluation of this neutrino–antineutrino mass splitting in 
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SCOAP3.the Standard Model and discuss its possible implications on neu-
trino physics and baryogenesis. It is shown that the non-locality 
within a distance scale of the Planck length, which may not be 
fatal to unitarity in a generic effective theory, can generate the 
neutrino–antineutrino mass splitting of the order of the observed 
neutrino mass differences and non-negligible baryon asymmetry, 
depending on the estimate of sphaleron dynamics. The one-loop 
order electron–positron mass splitting induced by the neutrino–
antineutrino mass splitting in the Standard Model is conﬁrmed to 
be ﬁnite and kept well below the experimental bound.
2. The model
We start with a minimal extension of the Standard Model [11]
by incorporating the right-handed neutrino
ψL =
(
νL
eL
)
, eR , νR . (1)
For simplicity, we consider only a single ﬂavor of leptons. The part 
of the Standard Model Lagrangian relevant to our discussion is 
given by
L= iψ Lγ μ
(
∂μ − igT aWaμ − i
1
2
g′YL Bμ
)
ψL
+ ieRγ μ
(
∂μ + ig′Bμ
)
eR + iνRγ μ∂μνR under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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[
−
√
2me
v
eRφ
†ψL −
√
2mD
v
νRφ
†
cψL − mR2 ν
T
R CνR + h.c.
]
,
(2)
with YL = −1, and the Higgs doublet and its SU(2) conjugate
φ =
(
φ+
φ0
)
, φc ≡ iτ2φ =
(
φ¯0
−φ−
)
. (3)
The operator C stands for the charge conjugation matrix for 
spinors. The term with mR in the above Lagrangian is the Majorana 
mass term for the right-handed neutrino. We tentatively assume 
that the right-handed Majorana mass vanishes, namely, we adopt 
the Dirac limit mR = 0 with enhanced lepton number conserva-
tion. Physically, this assumption amounts to the ansatz that all the 
masses arise from the Higgs boson, which has been discovered re-
cently. Related schemes of neutrino masses have been discussed 
by various authors in the past [12–14] (for reviews, see [15]).
Our next observation is that the combination
φ
†
c (x)ψL(x) (4)
is invariant under the full SU(2)L ×U (1) gauge symmetry. One may 
thus add a hermitian non-local Higgs coupling with a real param-
eter μ to the Lagrangian (2),
LCPT(x) = −i 2
√
2μ
v
∫
d4 y	l(x− y)θ
(
x0 − y0)
× {ν¯R(x)(φ†c (y)ψL(y))− (ψ¯L(y)φc(y))νR(x)}, (5)
without spoiling the basic Lorentz invariance and the SU(2)L ×
U (1) gauge symmetry. Here we deﬁned
	l(x− y) ≡ δ
(
(x− y)2 − l2)− δ((x− y)2 − (l′)2) (6)
with l and l′ = l standing for ﬁxed length scales. This factor dif-
fers from δ((x − y)2 − l2) used in [6], and this modiﬁed 	l(x − y)
avoids a quadratic infrared divergence, as is explained later. In our 
concrete evaluation below, we set l′ = 0 for simplicity, although a 
very small l′  l may help to make the separation of the future 
and past light-cones clear without modifying the essence of our 
analysis.
In the unitary gauge, φ±(x) = 0 and φ0(x) → (v + ϕ(x))/√2, 
the neutrino mass term (with mR = 0) becomes in terms of the 
action
Sνmass =
∫
d4x
{
−mD ν¯(x)ν(x)
(
1+ ϕ(x)
v
)
− iμ
∫
d4 y	l(x− y)θ
(
x0 − y0)[ν¯(x)(1+ ϕ(y)
v
)
× (1− γ5)ν(y) − ν¯(y)
(
1+ ϕ(y)
v
)
(1+ γ5)ν(x)
]}
=
∫
d4x
{
−mD ν¯(x)ν(x)
(
1+ ϕ(x)
v
)
− iμ
∫
d4 y	l(x− y)
[
θ
(
x0 − y0)− θ(y0 − x0)]
× ν¯(x)ν(y) + iμ
∫
d4 y	l(x− y)ν¯(x)γ5ν(y)
− iμ
v
∫
d4 y	l(x− y)θ
(
x0 − y0)
× [ν¯(x)(1− γ5)ν(y) − ν¯(y)(1+ γ5)ν(x)]ϕ(y)
}
, (7)where we have changed the naming of integration variables x ↔ y
in some of the terms and used θ(x0 − y0) + θ(y0 − x0) = 1. The 
term
−iμ
∫
d4x
∫
d4 y	l(x− y)
[
θ
(
x0 − y0)− θ(y0 − x0)]ν¯(x)ν(y)
(8)
in the action preserves T but has C = CP = CPT = −1 and thus 
gives rise to particle–antiparticle mass splitting [7].
The equation of motion for the free neutrino is given by
iγ μ∂μν(x) =mDν(x) + iμ
∫
d4 y	l(x− y)
× [θ(x0 − y0)− θ(y0 − x0)]ν(y)
− iμ
∫
d4 y	l(x− y)γ5ν(y). (9)
By inserting an Ansatz for the solution, ν(x) = e−ipxU (p), into the 
equation of motion, we obtain
/pU (p) = {m+ i[ f+(p) − f−(p)]− ig(p2)γ5}U (p), (10)
where f±(p) is a Lorentz invariant quantity deﬁned by
f±(p) = μ
∫
d4ze±ipzθ
(
z0
)[
δ
(
(z)2 − l2)− δ(z2)]. (11)
f+(p) and f−(p) are inequivalent for time-like p due to the fac-
tor θ(z0). The parity violating mass term in (10), which is C and 
CPT preserving and thus does not contribute to the mass splitting, 
contains the factor
g
(
p2
)= μ∫ d4zeipz[δ((z)2 − l2)− δ((z)2)]. (12)
The factor f±(p) is mathematically related to the two-point 
Wightman function for a free scalar ﬁeld. To be explicit,
〈0|φ(x)φ(y)|0〉 =
∫
d4pei(x−y)pθ
(
p0
)
δ
(
p2 −m2), (13)
and the Wightman function is ﬁnite for x − y = 0 except for the 
possible cut in the time-like separation, but divergent for the short 
distance x − y → 0. This short distance behavior, whose leading 
term is mass independent, is related to the infrared p → 0 behav-
ior of f±(p) and g(p2). Our modiﬁcation 	l(x − y) = δ((z)2 − l2) −
δ((z)2) thus eliminates the quadratic infrared divergence, which is 
independent of l, in f±(p) and g(p2). Also, our mass splitting term 
is analogous to the discontinuity along the cut in the time-like sep-
aration x − y of Wightman function.
For time-like p2 > 0, one may go to the frame where p = 0. 
Then the eigenvalue equation is given by
p0 = γ 0
[
mD − f (p0) − ig
(
p20
)
γ5
]
, (14)
with
f (p0) ≡ −i
[
f+(p0) − f−(p0)
]
= 4μπ
∞∫
0
dz
{
z2 sin[p0
√
z2 + l2]√
z2 + l2 −
z2 sin[p0
√
z2]√
z2
}
(15)
and
g
(
p20
)= 4μπ
∞∫
dz
{
z2 cos[p0
√
z2 + l2]√
z2 + l2 −
z2 cos[p0
√
z2]√
z2
}
. (16)0
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vanishes, f (p) = 0, by choosing pμ = (0, p).
Since we are assuming that the CPT breaking terms are small, 
we may solve the mass eigenvalue equations iteratively by assum-
ing that the terms with the parameter μ, whose mass dimension 
is [μ] = [M]3, are much smaller than m =mD . We then obtain the 
mass eigenvalues of the neutrino and antineutrino at [6]
m± mD − iγ5g
(
m2D
)± f (mD). (17)
The parity violating mass −iγ5g(m2D) is now transformed away by 
a suitable global chiral transformation without modifying the last 
term in (17) to the order linear in the parameter μ. In this way, 
the neutrino–antineutrino mass splitting is incorporated in the 
Standard Model by the Lorentz invariant non-local CPT breaking 
mechanism, without spoiling the SU(2)L × U (1) gauge symmetry. 
The Higgs particle ϕ itself has a tiny C , CP and CPT violating cou-
pling in (7).
3. Evaluation of mass splitting
We now explicitly evaluate the mass splitting in our model. As 
already mentioned, for space-like momentum p2 < 0 in (10), the 
CPT violating term vanishes, f (p) = 0. We thus consider only the 
time-like momentum p2 > 0 in the following and use a generic 
notation f (p).
With a uniform large cut-off L of the spatial variable z and after 
the change of the integration variable as y = √z2 + l2 in the ﬁrst 
term of (15), we have
f (p) = 4πμ
{ √L2+l2∫
l
dy
√
y2 − l2 sin[p0 y] −
L∫
0
dyy sin[p0 y]
}
= −4πμ[θ(p0) − θ(−p0)]θ(p2)
×
{ √L2+l2|p0|∫
l|p0|
dv
1
[√v2 − (l|p0|)2 + v] sin v
+
l∫
0
dyy sin[|p0|y] −
√
L2+l2∫
L
dyy sin[|p0|y]
}
, (18)
which clearly shows that the limiting value f (±0) = 0 for any 
ﬁxed L. We here took into account the fact that p2 ≥ 0. It is con-
ﬁrmed that the last term in (18) gives for large L
2πμl2
[
θ(p0) − θ(−p0)
]
θ
(
p2
)
sin
(|p0|L), (19)
which implies that the convergence of the integral (15) is rather 
subtle. But it is explained later that this term, which is bounded 
but oscillates for L → large, is set to zero following the custom-
ary treatment of the two-point Wightman function in (13). The 
expression (18) is thus re-written for |p0|L → ∞
f (p) = −4πμl2[θ(p0) − θ(−p0)]θ(p2)
×
{ ∞∫
1
du
1
2u(
√
u2 − 1+ u)2 sin
(|p0|lu)
− 1
2
1∫
du
sin(|p0|lu)
u
+
1∫
duu sin
(|p0|lu)
0 0+ 1
2
∞∫
0
du
sin(u)
u
}
, (20)
by adding and subtracting the term 12
∫∞
0 du
sin(u)
u , and using
∞∫
0
du
sin(u)
u
=
∞∫
0
du
sin(|p0|lu)
u
for |p0|l = 0. This expression shows that our CPT violating term is 
characterized by the quantity
μl2, (21)
which has the dimension of mass.
For |p0|l  1 but |p0| = 0 and using 
∫∞
0 du
sin(u)
u = π/2, we 
have
f (p)  −π2μl2[θ(p0) − θ(−p0)]θ(p2), (22)
which is Lorentz invariant. Note that the terms linear in |p0|l can-
cel out exactly although they do not appear to do so at ﬁrst glance, 
and no infrared divergence appears in the CPT violating term. (In-
cidentally, if one chooses the non-local factor with an additional 
parameter l′ in (6), the factor π2μl2 is replaced by π2μ(l2 − (l′)2)
in (22).) Thus the mass gap in (17) is given by
	m  2π2μl2. (23)
We now brieﬂy explain the prescription sin(p0L) = 0 for L → ∞
in (19), which is natural in the sense of a distribution∫
dp0 sin(p0L)F (p0) = 0,
for any test function F (p0), by the Riemann–Lebesgue lemma. As 
we already mentioned, our non-local factor in (11) is identical to a 
difference of two two-point Wightman functions in (13) provided 
that the coordinates and momenta are interchanged. Our factor 
sin(p0L) appears in the procedure that corresponds to the eval-
uation (or deﬁnition) of the two-point Wightman function (and 
related propagators) for ﬁxed ﬁnite x − y, for which one does not 
usually mention such a subtlety; of course, the Wightman function 
contains the short distance singularities for x − y → 0 correspond-
ing to the infrared singularities in our non-local factors, which 
have no connection with (19) that vanishes for p0 = 0. This dis-
posal of (19) corresponds to the treatment of Wightman function 
as a distribution, as we illustrated above, or one may simply set 
the bounded inﬁnitely-oscillating term to zero. Besides, the propa-
gator as such is deﬁned by its action on well-deﬁned initial states 
in momentum space and thus its treatment as a distribution is 
justiﬁed. In fact, in our actual lowest order applications below 
we analyze the propagator between well-deﬁned initial and ﬁnal 
states in momentum space in the Standard Model.
Our deﬁnition of the non-local factor in (6) thus eliminates the 
infrared singularity in the CPT violating term. Our CPT violating 
term f (p0) is odd in p0 and f (±0) = ∓	m/2 but f (0) = 0. The 
formula for the mass gap is deﬁned for |p0|L → ∞ and thus pre-
cise p0 = 0 is avoided.
As for the parity violating mass term in (10), we have (in the 
frame with p = 0 for p2 > 0)
g
(
p2
)= μ∫ d4zeipz[δ((z)2 − l2)− δ((z)2)]
= 4πμ
{ ∞∫
l
dy
√
y2 − l2 cos[p0 y] −
∞∫
0
dyy cos[p0 y]
}
,
(24)
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g
(
p2
)= −4πμl2
{ ∞∫
1
du
1√
u2 − 1+ u cos[p0lu]
+ sin[p0l]
p0l
+ cos[p0l] − 1
(p0l)2
}
. (25)
This result (25) also potentially contains a subtlety as in (19), 
which is safely set to zero as already explained, and a mild log-
arithmic (or weaker) divergence at p0 = 0 in the ﬁrst term. This 
formula is again well-deﬁned if precise p0 = 0 is excluded.
4. Neutrino–antineutrino mass splitting and baryogenesis
The Lorentz invariant non-local factor[
θ
(
x0 − y0)− θ(y0 − x0)]δ((x− y)2 − l2) (26)
used in [6,7] induces inﬁnite non-locality along the light-cone, and 
a dimensional counting shows that it diverges quadratically in the 
infrared in momentum space. This inﬁnite non-locality may lead 
to a severe breaking of unitarity. In contrast, our modiﬁed Lorentz 
invariant non-local factor[
θ
(
x0 − y0)− θ(y0 − x0)]
× [δ((x− y)2 − l2)− δ((x− y)2 − (l′)2)], (27)
(with l′ = 0 in practical applications) mostly cancels out the inﬁ-
nite time-like volume effect and eliminates the quadratic infrared 
divergence completely. In effect, our modiﬁed non-local factor in-
duces non-locality which is limited within the ﬂuctuation around 
the tip of the light-cone characterized by the length scale of the 
parameter l. This is very welcome from the point of view of uni-
tarity, since one can choose the length scale l at the order of the 
Planck length and thus at least avoid the issue of unitarity viola-
tion in the framework of a generic effective theory, which may be 
valid at a length scale much larger than the Planck scale.
It is important to analyze if our mass splitting can induce a 
physically meaningful size of neutrino–antineutrino mass splitting 
by choosing l of the order of Planck length and μ = M3 suitably, 
where M is another mass scale of possible new physics. The natu-
ral neutrino mass splitting given by (23) is then
2π2μl2 = 2π2M(M/MP )2, (28)
which is a kind of see-saw between M and the Planck mass MP . 
This neutrino mass splitting may also be regarded as a gravita-
tional effect because of the appearance of the Newton constant 
GN = 1/M2P . If one chooses M ∼ 109 GeV, the mass splitting be-
comes of the order of the observed neutrino mass (difference) 
∼0.1 eV [16]. This size of the mass scale M is not uncommon in 
the leptogenesis based on the see-saw scenario [17], for example.
If one assumes M ∼ 1000 GeV, namely, the scale of the Stan-
dard Model, the mass splitting is ∼10−20 eV, which is too small 
for phenomenological interest. Although our model is for the neu-
trinos, the presently known experimental limit on the electron–
positron mass splitting is [16]
	me ≤ 10−8me ∼ 10−2 eV. (29)
To generate the corresponding value 	m ∼ 10−2 eV for the neu-
trinos in our scheme, we need a value slightly smaller than M ∼
109 GeV.
The neutrino mass splitting 	m = 10−1∼10−2 eV, which is 
intended to be of the order of mD/5, is generated by M 108∼109 GeV and appears to be allowed by presently available 
experimental data [3,18]. Our Lorentz invariant model, which is 
written for the electron but applicable to other leptons also, is 
concerned with neutrinos so far, but the higher order effect in 
renormalizable theory is generally expected to give rise to an 
electron–positron mass splitting of the order 	me ∼ α	m, with 
α the ﬁne structure constant. This induced mass splitting, which is 
substantially smaller than 	m = 10−1∼10−2 eV, is expected for all 
the massive charged leptons in the Standard Model. We, however, 
show in the next section that the induced effect is actually much 
smaller, ∼10−20 eV. Thus the value M  108∼109 GeV is interest-
ing for a phenomenological purpose, which does not apparently 
contradict any experimental data and yet may be measurable in 
neutrino oscillation experiments in the near future. We tentatively 
adopt 	m at 10−1∼10−2 eV, which is similar to the magnitude of 
mD , in phenomenological discussions.
As for the baryogenesis, it is believed that leptons acquire 
masses from electroweak symmetry breaking during the elec-
troweak phase transition in the early universe. A neutrino–anti-
neutrino mass difference would then result in a leptonic matter–
antimatter asymmetry proportional to the mass difference. This 
asymmetry is transmitted to the baryon sector through the chiral 
anomaly [19] and sphaleron processes [20] which preserve B − L
but violate B + L. This “kinematical” picture implies the asymmetry 
in the neutrino and antineutrino of the order [1] (nν − nν¯ )/nν 
mD	m/T 2, which is, however, too small at the electroweak energy 
scale to generate the baryon asymmetry via sphaleron processes 
in our case with 	m = 10−1∼10−2 eV. Besides, this initial asym-
metry requires the lepton number non-conservation [1], while the 
lepton number is conserved in our model without sphaleron ef-
fects.
Thus the lepton and quark sectors need to be treated simul-
taneously in the presence of sphalerons [20] which break B + L
by preserving B − L. The authors of Ref. [2] discuss a rather elabo-
rate sphaleron dynamics by referring to [21–24], and they conclude 
that the ﬁnal baryon number at the energy scale of the weak mass 
MW is estimated at
nB
nγ
∼ 	m
MW
, (30)
where nγ stands for the photon number density. This estimate 
in the present case with 	m = 10−1∼10−2 eV, namely nB/nγ ∼
10−12–10−13, is smaller than the observed value nB/nγ  10−10, 
but it still gives a promising number by considering the crude esti-
mate in our model. The estimate of the generated baryon number 
is mainly constrained by experimental bounds on neutrino mass 
differences.
We emphasize that this equilibrium electroweak baryogenesis does 
not need CP violation other than for the purpose of producing neutrino–
antineutrino mass splitting. The mechanism to generate (30) by 
a speciﬁc sphaleron dynamics [2], which is very interesting but 
requires further elaboration, differs from the more conventional 
baryogenesis [25,26] and also from the leptogenesis [17].
5. Higher order induced effects
We now analyze if the higher order effect due to the neutrino 
mass splitting is well-controlled in the Standard Model. The propa-
gator of the neutrino in the path integral formulation on the basis 
of Schwinger’s action principle, which is based on the equations of 
motion, is given by [7] (see also [27]),
〈
T ν(x)ν¯(y)
〉= ∫ d4p
4
e−ip(x−y)(2π)
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electron and positron.× i
/p −mD + i + iγ5g(p2) − i[ f+(p) − f−(p)] ,
(31)
where f±(p) and g(p2) are deﬁned in (11) and (12), respectively, 
in connection with the free equation of motion (10).
We wish to examine the large momentum behavior of f (p) =
−i[ f+(p) − f−(p)] deﬁned in (20) by assuming that l is not very 
small and thus large |p0|l is physically relevant. By noting that 
1
2
∫ 1
0 du
sin(|p0|lu)
u → 12
∫∞
0 du
sin(u)
u for |p0|l → ∞, the expression 
(20) becomes
f (p) = −4πμl2[θ(p0) − θ(−p0)]θ(p2)
×
{ ∞∫
1
du
1
2u(
√
u2 − 1+ u)2 sin
(|p0|lu)
+ sin(|p0|l)
(|p0|l)2 −
cos(|p0|l)
(|p0|l)
}
. (32)
The integral in this expression is shown to approach zero for 
|p0|l → ∞ by the Riemann–Lebesgue lemma, and thus f (p) ap-
proaches zero for |p0|l → ∞.
The high energy behavior of the parity violating term g(p2) in 
(25) is shown to be the same as the above CPT violating term.
The propagator (31) for Minkowski momentum is thus well be-
haved and the effects of non-locality are mild and limited and, 
in this sense, T  product may even be replaced by the canoni-
cal T product in (31) [27]. (The logarithmic singularity in g(p2)
at pμ = 0 may not be serious in the propagator (31) due to the 
presence of the phase space volume factor d4p in the numera-
tor.) In the analysis of the renormalization procedure, however, it is 
customary to consider the Euclidean amplitude obtained from the 
Minkowski amplitude by Wick rotation. This is because the power 
counting rule (superﬁcial degree of divergence) of each Feynman 
amplitude is well deﬁned with Euclidean momenta. Our propaga-
tor, which contains trigonometric functions, has undesirable behav-
ior under the Wick rotation such as sin p0z → i sinh p4z, and an 
exponentially divergent behavior is generally induced and the ef-
fects of non-locality become signiﬁcant. One might still argue that 
higher order effects in ﬁeld theory deﬁned on Minkowski space are 
in principle analyzed in Minkowski space and, if that is the case, 
our propagator maintains the ordinary renormalizable behavior. In 
passing, we mention that an alternative scheme of CPT violation, 
which breaks Lorentz symmetry but preserves locality, suffers from 
numerous diﬃculties related to unitarity and other issues once one 
attempts to construct physically interesting models with particle–
antiparticle mass splitting (i.e., C and CP violations as well) [28].
One may assume that l is of the order of Planck scale, as we did 
in our phenomenological analysis. Then the higher order effect is 
expected to be small as long as μl2 is small in either Minkowski or 
Euclidean formulation, since it is natural to assume that the loop 
momenta are cut-off below the Planck scale in generic effective 
theory and thus |p0|l may always be assumed to be small even 
inside the loop diagrams. In this case, our Lorentz invariant CPT
violating term is effectively replaced byf (p) = −π2μl2[θ(p0) − θ(−p0)]θ(p2), (33)
which is similar to a constant mass term except for the CPT vi-
olating factor [θ(p0) − θ(−p0)]θ(p2). When this term is inserted 
into Feynman diagrams in the Standard Model, those Feynman di-
agrams are expected to show ordinary high energy behavior for a 
mass insertion, if the naive power counting works.
5.1. Induced electron–positron mass splitting
We now wish to show that the electron–positron mass splitting 
induced by the above factor f (p) in (33), when inserted into one-
loop self-energy diagrams of the electron in the Standard Model, is 
well controlled. This correction amounts to the replacement of the 
ordinary momentum space neutrino propagator by
S˜ F (p)ν = i
/p −mD + i f (p)
i
/p −mD + i (34)
in the one-loop self-energy diagrams of the electron in the Stan-
dard Model. We show that the electron self-energy correction in-
duced by one-loop W -boson is well convergent, which implies that 
the momentum ﬂowing through the neutrino propagator is limited 
by the W -boson mass scale MW and thus our starting assumption 
|p|l  1 is justiﬁed.
We work in the ’t Hooft–Feynman gauge (ξ = 1 in Rξ -gauge [29]
with Feynman rules given there). Then we have contributions from 
the two Feynman diagrams shown in Fig. 1, with φ standing for 
the charged unphysical Nambu–Goldstone boson. The W -boson 
term in Fig. 1a is then given by (ignoring precise numerical fac-
tors)
g2
∫
d4p
(2π)4
[
γ α
(1− γ5)
2
/p +mD
p2 −m2D + i
f (p)
/p +mD
p2 −m2D + i
× γα (1− γ5)
2
]
1
(k − p)2 − M2W + i
, (35)
where the numerator is proportional to 2mD/p f (p)[(1 −γ5)/2], and 
the integral is linearly convergent. This term is proportional to 
Dirac γ μ and contributes to the electron kinetic term of the or-
der
α
[
mD/k/M
2
W
](
μl2
)[
θ
(
k0
)− θ(−k0)]θ(k2)[(1− γ5)/2],
where α is the ﬁne structure constant. To infer this result, it is 
easier to analyze (35) with 2mD(kp) f (p) in the numerator by re-
placing γ μ with kμ . It is then conﬁrmed that the amplitude is 
invariant under the change of the signature of k but changes the 
signature under the change of the signature of k0 of the external 
electron at its rest frame k = 0. It vanishes for space-like kμ , as is 
seen by choosing the frame with k0 → ±0, and it is Lorentz invari-
ant. We thus infer
∼ α[mDk2/M2W ](μl2)[θ(k0)− θ(−k0)]θ(k2)
for (35) with 2mD(kp) f (p) in the numerator. One may ﬁnally re-
place k2 by /k.
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cise numerical factors)
g2
M2W
∫
d4p
(2π)4
[
me
(1− γ5)
2
− (1+ γ5)
2
mD
]
× /p +mD
p2 −m2D + i
f (p)
/p +mD
p2 −m2D + i
×
[
mD
(1− γ5)
2
− (1+ γ5)
2
me
]
1
(k − p)2 − M2W + i
, (36)
where the deviation from the Standard Model result is given by 
the Lagrangian (2). The numerator contains two class of terms: the 
ﬁrst class has the structure[(
m2e (1− γ5)/2+m2D(1+ γ5)/2
)
/M2W
]
2mD/p f (p),
which has a linearly convergent behavior as in the case of 
W -boson contribution and gives rise to a contribution of the order
α(1− γ5)/2
[
m2e/M
2
W
][
mD/k/M
2
W
](
μl2
)[
θ
(
k0
)− θ(−k0)]θ(k2).
The second class of terms contains in the numerator a factor 
(memD/M2W )(p
2 +m2D) f (p) which potentially gives rise to a log-
arithmic divergence. If this divergence should persist, we need a 
new CPT violating counter term for the electron, which would spoil 
the renormalizability of the Standard Model. But this term is in 
fact convergent due to the structure of the CPT violating factor 
[θ(p0) − θ(−p0)]θ(p2), as
g2
M2W
∫
d3p
(2π)4
∞∫
0
dp0
(memD)(p2 +m2D)
(p2 −m2D + i)2
θ
(
p2
)(
μl2
)
×
[
1
(k − p)2 − M2W + i
− 1
(k + p)2 − M2W + i
]
. (37)
This is linearly convergent, and it is independent of the Dirac γ μ , 
thus contributing to the mass correction. Remark that this term 
changes its signature under the change of the signature of k0 of 
the external electron at its rest frame k = 0 and vanishes for the 
space-like kμ as is seen by choosing the frame with k0 → ±0. This 
term also vanishes at kμ = 0, and it is estimated at the order of
α
(
memD/M
2
W
)(
k2/M2W
)(
μl2
)[
θ
(
k0
)− θ(−k0)]θ(k2),
which is
α
(
memD/M
2
W
)(
m2e/M
2
W
)(
μl2
)[
θ
(
k0
)− θ(−k0)]θ(k2)
near on-shell.
The induced effect on the electron is determined by the eigen-
value equation (by ignoring ordinary corrections in the Standard 
Model, for simplicity)
/k
(
1+ αA(k))− (me + αB(k))= 0 (38)
or equivalently /k = me + αB(k) − meαA(k), where A(k) and B(k)
stand for the induced effects evaluated above. The induced CPT
violating effect on the electron–positron splitting is thus ﬁnite and 
the leading contribution is given by the W -boson at the order,
α
[
mDme/M
2
W
](
μl2
)[
(1− γ5)/2
][
θ
(
k0
)− θ(−k0)]θ(k2), (39)
which, if we choose our parameter at π2μl2 = 10−1 ∼ 10−2 eV
as in the previous section, is ∼10−20 eV and thus well below the 
present experimental bound. The induced CPT violation is expected 
to be smaller in the quark sector (as a two-loop effect) than in 
the charged leptons in the SU(2) × U (1) invariant theory, and thus 
much smaller than the well-known limit on the K -meson, |mK −
mK¯ | < 0.44 × 10−18 GeV [16].6. Conclusion
We have demonstrated that a well-deﬁned neutrino–antineu-
trino mass splitting can be realized in the Standard Model. It 
has potentially interesting implications on equilibrium electroweak 
baryogenesis, depending on the subtle details of sphaleron dy-
namics. The Lorentz invariant CPT breaking mass term in momen-
tum space is effectively represented by f (p) = −(	m/2)[θ(p0) −
θ(−p0)]θ(p2). The induced CPT violating effect on the electron–
positron mass splitting in the Standard Model is shown to be ﬁnite 
and kept well below the experimental bound. Our analysis sug-
gests that non-local Lorentz invariant CPT violation is natural in 
the Standard Model and it would be interesting to search for possi-
ble neutrino–antineutrino mass splitting in oscillation experiments.
There are some fundamental issues to be mentioned in the 
present scheme of CPT violation. We have shown that the Standard 
Model treated as an effective theory non-local in the Planck scale 
can generate a sizable neutrino–antineutrino mass splitting which 
can be tested by experiment. We have then shown that the CPT
violating term, when treated in lowest order perturbation, gives 
rise to sensible and interesting predictions for the induced mass 
splitting of charged fermions. The induced electron–positron mass 
splitting, for example, is too small to be detected, and in this sense 
our scheme of neutrino mass splitting is consistent. Our analysis 
suggests that the CPT violating term treated as an interaction term 
deﬁned by (33) gives rise to sensible higher order effects, and per-
turbative unitarity with the original particle spectrum (without the 
CPT breaking term) is deﬁned. However, our theory which is non-
local in time lacks a canonical formulation. When one sums the 
diagrams with the CPT violating term (33) inserted and deﬁnes a 
theory with particle–antiparticle mass splitting, unitarity and the 
structure of the vacua in the conventional sense become less ob-
vious. The non-locality in the Planck scale defers the basic issues 
to some extent but does not solve them. To resolve those issues 
completely, one may presumably need to go beyond the existing 
framework of ﬁeld theory. A physical origin of our non-local CPT
violation at the Planck scale, which is most likely related to quan-
tum gravity, also remains to be clariﬁed.
Acknowledgements
We thank M. Chaichian for stimulating discussions. We also 
thank R. Bufalo for drawing the ﬁgures. The support of the 
Academy of Finland under the Projects Nos. 136539 and 272919, of 
the Vilho, Yrjö and Kalle Väisälä Foundation, and of JSPS KAKENHI 
(Grant No. 25400415) is gratefully acknowledged.
References
[1] A.D. Dolgov, Ya.B. Zeldovich, Rev. Mod. Phys. 53 (1981) 1.
[2] G. Barenboim, L. Borissov, J.D. Lykken, A.Y. Smirnov, J. High Energy Phys. 0210 
(2002) 001, arXiv:hep-ph/0108199.
[3] V.D. Barger, S. Pakvasa, T.J. Weiler, K. Whisnant, Phys. Rev. Lett. 85 (2000) 5055, 
arXiv:hep-ph/0005197.
[4] H. Murayama, T. Yanagida, Phys. Lett. B 520 (2001) 263, arXiv:hep-ph/0010178;
G. Barenboim, L. Borissov, J. Lykken, Phys. Lett. B 534 (2002) 106, arXiv:hep-
ph/0201080;
S.M. Bilenky, M. Freund, M. Lindner, T. Ohlsson, W. Winter, Phys. Rev. D 65 
(2002) 073024, arXiv:hep-ph/0112226;
G. Barenboim, J.D. Lykken, Phys. Rev. D 80 (2009) 113008, arXiv:0908.2993 
[hep-ph].
[5] P. Adamson, et al., MINOS Collaboration, Phys. Rev. D 85 (2012) 031101, arXiv:
1201.2631 [hep-ex].
[6] M. Chaichian, K. Fujikawa, A. Tureanu, Phys. Lett. B 718 (2012) 178, arXiv:
1208.5508 [hep-ph].
[7] M. Chaichian, K. Fujikawa, A. Tureanu, Phys. Lett. B 712 (2012) 115, arXiv:
1203.0267 [hep-th];
M. Chaichian, K. Fujikawa, A. Tureanu, Phys. Lett. B 718 (2013) 1500, arXiv:
1210.0208 [hep-th];
K. Fujikawa, A. Tureanu / Physics Letters B 743 (2015) 39–45 45M. Chaichian, K. Fujikawa, A. Tureanu, Eur. Phys. J. C 73 (2013) 2349, arXiv:
1205.0152 [hep-th].
[8] W. Pauli, in: W. Pauli (Ed.), Niels Bohr and the Development of Physics, Perga-
mon Press, New York, 1955;
G. Lüders, Mat. Fys. Medd. Dan. Vid. Selsk. 28 (5) (1954) 1.
[9] M. Chaichian, A.D. Dolgov, V.A. Novikov, A. Tureanu, Phys. Lett. B 699 (2011) 
177, arXiv:1103.0168 [hep-th].
[10] M. Duetsch, J.M. Gracia-Bondia, Phys. Lett. B 711 (2012) 428, arXiv:1204.2654 
[hep-th].
[11] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264;
A. Salam, in: N. Svartholm (Ed.), Elementary Particle Theory, Stockholm, 1968, 
p. 367.
[12] L. Wolfenstein, Nucl. Phys. B 186 (1981) 147;
S.T. Petcov, Phys. Lett. B 110 (1982) 245;
S.M. Bilenky, B. Pontecorvo, Sov. J. Nucl. Phys. 38 (1983) 248;
S.M. Bilenky, S.T. Petcov, Rev. Mod. Phys. 59 (1987) 671;
C. Giunti, C.W. Kim, U.W. Lee, Phys. Rev. D 46 (1992) 3034, arXiv:hep-ph/
9205214;
J.P. Bowes, R.R. Volkas, J. Phys. G 24 (1998) 1249, arXiv:hep-ph/9804310;
M. Kobayashi, C.S. Lim, Phys. Rev. D 64 (2001) 013003, arXiv:hep-ph/0012266;
K. Fujikawa, Prog. Theor. Phys. 113 (2005) 1065, arXiv:hep-ph/0407331.
[13] P. Langacker, Phys. Rev. D 58 (1998) 093017, arXiv:hep-ph/9805281;
G. Cleaver, M. Cvetic, J.R. Espinosa, L. Everett, P. Langacker, Phys. Rev. D 57 
(1998) 2701, arXiv:hep-ph/9705391;
D. Chang, O.C. Kong, Phys. Lett. B 477 (2000) 416, arXiv:hep-ph/9912268.
[14] K.R. Dienes, E. Dudas, T. Gherghetta, Nucl. Phys. B 557 (1999) 25, arXiv:hep-ph/
9811428;
G.R. Dvali, A.Y. Smirnov, Nucl. Phys. B 563 (1999) 63, arXiv:hep-ph/9904211;
N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, J. March-Russel, Phys. Rev. D 65 
(2002) 024032, arXiv:hep-ph/9811448;
Z. Berezhiani, L. Bento, Phys. Rev. Lett. 96 (2006) 081801, arXiv:hep-ph/
0507031.[15] S.M. Bilenky, C. Giunti, W. Grimus, Prog. Part. Nucl. Phys. 43 (1999) 1, arXiv:
hep-th/9812360;
R.N. Mohapatra, A.Y. Smirnov, Annu. Rev. Nucl. Part. Sci. 56 (2006) 569, arXiv:
hep-ph/0603118.
[16] J. Beringer, et al., Particle Data Group, Phys. Rev. D 86 (2012) 010001.
[17] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45;
G.F. Giudice, A. Notari, M. Raidal, A. Riotto, A. Strumia, Nucl. Phys. B 685 (2004) 
89, arXiv:hep-ph/0310123;
W. Buchmüller, R.D. Peccei, T. Yanagida, Annu. Rev. Nucl. Part. Sci. 55 (2005) 
311, arXiv:hep-ph/0502169.
[18] P. Adamson, et al., MINOS Collaboration, Phys. Rev. Lett. 108 (2012) 191801.
[19] G. ’t Hooft, Phys. Rev. Lett. 37 (1976) 8.
[20] N. Manton, Phys. Rev. D 28 (1983) 2019;
F. Klinkhamer, N. Manton, Phys. Rev. D 30 (1984) 2212;
V. Kuzmin, V. Rubakov, M. Shaposhnikov, Phys. Lett. B 155 (1985) 36.
[21] V.A. Rubakov, M.E. Shaposhnikov, Phys. Usp. 39 (1996) 461, arXiv:hep-ph/
9603208.
[22] J. Boguta, J. Kunz, Phys. Lett. B 154 (1985) 407.
[23] A. Ringwald, Phys. Lett. B 213 (1988) 61;
M. Axenides, A. Johansen, H.B. Nielsen, Nucl. Phys. B 414 (1994) 53, arXiv:
hep-ph/9308299.
[24] M. Dine, O. Lechtenfeld, B. Sakita, W. Fischler, J. Polchinski, Nucl. Phys. B 342 
(1990) 381.
[25] A.D. Sakharov, JETP Lett. 5 (1967) 24.
[26] M. Yoshimura, Phys. Rev. Lett. 41 (1978) 281;
A.Yu. Ignatiev, N.V. Krasnikov, V.A. Kuzmin, A.N. Tavkhelidze, Phys. Lett. B 76 
(1978) 436.
[27] K. Fujikawa, Phys. Rev. D 70 (2004) 085006, arXiv:hep-th/0406128;
As for the Bjorken–Johnson–Low method, see also Appendix in K. Fujikawa, P. 
van Nieuwenhuizen, Ann. Phys. 308 (2003) 78, arXiv:hep-th/0305144.
[28] O.M. Del Cima, D.H.T. Franco, A.H. Gomes, J.M. Fonseca, O. Piguet, Phys. Rev. D 
85 (2012) 065023, arXiv:1202.0009 [hep-th].
[29] K. Fujikawa, B.W. Lee, A.I. Sanda, Phys. Rev. D 6 (1972) 2923.
